This study aims to clarify experimentally the uniaxial tension-compression fatigue behavior and fiber bridging stress degradation of strain hardening fiber reinforced cementitious composites. During fatigue cyclic loading, tensile bridging stress corresponding to the preset maximum tensile strain was recorded with the number of cycles in order to observe the degradation of the tensile bridging stress. Major bridging stress degradation was observed before reaching 1,000 cycles, and microscopic observation of the failure surface confirmed severe fiber damages. Fitting curves of bridging stress degradation are 2 proposed with the idea of Weibull distribution. The preliminary results of the current study with a limited number of specimens are compared with those of a uniaxial tensile fatigue study, and the differences of bridging stress degradations are discussed.
Introduction
Fiber reinforced cementitious composites (FRCC) are increasingly applied to structural applications such as tunnel lining, pavement, overlay, bridge deck overlay, railroad sleepers, and factory floor slab (Horii et al. [1] , Rizkalla and Mufti [2] , Shirazi et al. [3] , Strand et al. [4] , Krstulovic-Opara et al. [5] , Balaguru [6] ). These applications utilize high strength, ductility, and crack resistance of FRCCs in tension, for the purpose of increasing the safety and durability of structures. It is well known that these beneficial properties are due to bridging fibers that transfer stresses across a crack. Since there are various kinds of fibers and choices of fiber dimensions in order to obtain suitable properties of an FRCC, it is important to understand a fiber bridging constitutive law which is the relation between fiber bridging stress and crack opening displacement (Li [7] ).
In addition to conventional FRCCs, strain hardening fiber reinforced cementitious composites (SHFRCC) have been investigated recently (Kunieda and Rokugo [8] ). This new class of material was developed with the micromechanical understanding of fiber bridging (Li and Leung [9] ), and it acquires the following remarkable properties (Li [10] , Li [11] ). SHFRCC exhibits superior tensile properties to conventional FRCC. SHFRCC shows strain hardening behavior under tension, and its tensile strain can reach as high as 6 %. This high tensile strain capacity is due to the formation of distributed multiple fine cracks. Moreover, the width of multiple fine cracks remains below 100 µm during the strain hardening 4 process, and this small crack width is beneficial for the increased durability of structures. These unique properties are made possible with relatively moderate amount of fibers: usually 2 vol. % of fibers. A typical composition includes cement, water, and sand with the ratio of 1:0.45: 0.5-1.2 (Li et al. [12] ).
Compared to conventional FRCCs, SHFRCC is a ductile and durable cementitious composite, and its properties are unique and superior.
With these superior properties, SHFRCC has been applied to various structures to date (Kunieda and Rokugo [8] ). Examples include coupling beams of a reinforced concrete building for earthquake resistance and surface repair of a bridge and a retaining wall made of reinforced concrete against alkali silica reaction or carbonation. The former example utilizes the ductility of SHFRCC, while the latter utilizes the multiple fine cracks.
In addition to these applications, SHFRCC is finding applications to fatigue intensive structures. For example, it is reported that SHFRCC was applied to link slab of a bridge and also to patch repair of concrete pavement (Kim et al. [13] , Li [14] ). These applications are intended against traffic load, and the fatigue properties of SHFRCC are intended to be utilized. In order to secure the fatigue performance of SHFRCC structures, it is necessary to confirm that the superior properties of SHFRCC are not negated even under or after fatigue loads.
However, there are not many studies about the fatigue properties of SHFRCC. The fatigue properties of SHFRCC have been investigated so far under flexure and tension by a limited number of studies.
Flexural fatigue properties of SHFRCC have been investigated intensively by Suthiwarapirak et al. [15] , Matsumoto et al. [16] , and Suthiwarapirak et al. [17] . These studies conducted four point flexural fatigue tests on two types of SHFRCC in comparison with two types of polymer cement mortar and one type of steel fiber reinforced cement. The results showed that both SHFRCCs exhibited a unique fatigue stress-life relationship that is represented by a bilinear function on a semi-logarithmic scale, and that these materials exhibited higher fatigue strength in the comparison. Also, it was confirmed that the failure mechanisms of these SHFRCCs involved the development of multiple cracks that was followed by a localized crack at final fracture, although the development level of multiple cracks was dependent on fatigue stress level.
Tensile fatigue has been investigated by Matsumoto et al. [18] with the focus on bridging stress degradation. In the study, uniaxial tensile fatigue experiment was conducted under constant strain amplitude, unlike ordinary fatigue experiments under constant stress amplitude, and the degrading bridging stress was measured with the number of cycles. The resulting relation, hereinafter called bridging stress degradation, showed gradual decrease initially up to 1,000 cycles, sudden drop from 1,000 to 10,000 cycles, and ceasing around 10,000 cycles. It was also found that bridging stress degradation was due to the loss of fibers triggered by fiber fatigue rupture.
Based on the fatigue characteristics under flexure and tension, an analytical study also has been conducted by Suthiwarapirak and Matsumoto [19] with the concept of fiber bridging degradation. This 6 is a study that further developed the previous studies by Li and Matsumoto [20] and Matsumoto and Li [21] . The study employed finite element method to analyze the fatigue behavior of SHFRCC, and successfully reproduced fatigue crack propagation and subsequent fracture. Theoretically reproduced S-N diagrams and deformation behaviors showed a good agreement, supporting the validity of aforementioned studies.
All above fatigue studies were conducted either for flexure or tension. Those studies show that the tested SHFRCCs exhibit superior performances to FRCC, and that bridging stress degradation explains the fatigue behavior of SHFRCC. If cracks in structures are cyclically loaded under tension range, these studies support the usage of SHFRCC for fatigue intensive structures.
However, this may not be the case sometimes. In some structures, cracks can be cyclically loaded under tension and compression range. Tension-compression fatigue can be possible in members where fully reversed fatigue loads are present, and, in such a loading condition, more severe damages of SHFRCC can be expected. To date, this has not been investigated quantitatively. Specimen dimensions are shown in Fig. 1 . The specimen dimensions are designed in order to control the initiation of cracks in a specific area and to eliminate the overall failure of a specimen at or near the grip. Namely, the cross sectional area is gradually reduced from 100 mm square at both ends to 100 mm by 60 mm at the center, and it is constant over the central 100 mm length. Within this constant cross sectional zone, multiple cracks are intended to initiate and grow. At both ends, the cross sectional area is also constant in order to have bonding to loading grips. The total length of a specimen is 400 mm. The tested SHFRCC was made from a premix package, and the specimens were fabricated by a spraying method. First, all materials were prepared according to the mix proportions of Table 2 .
Second, admixtures were mixed with water, and premix of cement and PVA fibers were mixed in a mixer with the water including admixtures. Third, fresh SHFRCC was pumped into a spray gun, and it was sprayed into formworks. Finally, the surface of fresh specimens was leveled with a trowel. After the fabrication, all the specimens were demolded one day after, and they were cured under the constant temperature of 20 degrees Celsius. The age of specimens at either static or fatigue test was at least 28 days. In total, 13 specimens were prepared: 9 for Mix A and 4 for Mix B.
Experimental setup
Before the experimental setup, specimens were painted with a white color spray paint so that cracks could be identified and observed easily. Then, epoxy adhesive was used for bonding the ends of a specimen to upper and lower loading grip. The loading grip has four side plates with height of 50 mm in order to have enough stress-transferred area. Moreover, the plates are designed to have grooves so that mechanical bond works as well. Two to three hours were needed to gain enough bond strength between the grips and the specimen.
For data acquisition, four strain gauges were carefully attached with accurate alignment on the four side surfaces (Fig. 2) . These gauges have 100 mm of gauge length, therefore they have enough length to cover the central constant cross sectional zone. These gauges were attached in order to measure the tensile and compressive strain over the central zone and to control the static and fatigue loading sequences under displacement control. In addition to the four strain gauges, load and stroke displacement were also obtained from the 200 kN capacity feed back controlled loading machine. 
Experimental procedures
Procedures of static and fatigue experiments are explained in this section. Both of static and fatigue experiments were conducted under displacement control. The average strain value of four strain gauges was used to control the tensile loading of static specimens and the cyclic tension-compression loading of fatigue specimens.
There are three experimental cases as shown in Table 3 . For Case 1 and 2, five Mix A specimens were tested under static tension. In Case 1, two Mix A specimens were tested under tension-compression 11 fatigue with maximum compressive strain 0.05 % and maximum tensile strain 0.2 %, while, in Case 2, two Mix A specimens with maximum compressive strain 0 % and maximum tensile strain 0.2 %. In Case 3, two Mix B specimens were tested under static tension, and two Mix B specimens under tension-compression fatigue with maximum compressive strain 0.05 % and maximum tensile strain 0.2 %.
The reason why these strain values were chosen for fatigue will be explained later.
First, static tensile loading test was conducted. Loading was applied under displacement control at the rate of 0.005mm/sec. Load and the average of four gauges were recorded. Next, based on the static tensile loading test, the maximum tensile strain during fatigue loading was set to be 0.2 %. Also, two levels of maximum compressive strain during fatigue loading were selected: 0 % for Case 2 and 0.05 % for Case 1 and 3.
The former strain level of 0 %means that overall the specimens are not in compression, but it means that cracks are enforced to close fully (Fig. 3 ). As can be exemplified from visible cracks of unloaded fiber composite specimens (Matsumoto and Li [22] , Wu et al. [23] ), the cracks of unloaded specimens always have some remaining opening. This is because, even at overall zero load level, pulled-out fibers still remain in the crack and resist against the crack closure. Therefore, the maximum compressive strain level of 0 % means that there is no space between crack surfaces and that fibers have to be pushed back into matrix or to be buckled between crack surfaces. The latter strain level of 0.05 % is more severe that the former (Fig. 3) . Not only fibers go back into matrix or buckle and crack surfaces are in contact, but also fibers are compressed and crack surfaces are worn out.
The reason why these compressive strain levels were chosen is that, in some structural applications under traffic or temperature loading, cyclic fatigue loading into compression is possible to be present, although the usage of bridging fibers in compression is not advantageous.
Tension-compression fatigue loading was applied as follows (see also Fig. 3 ). First, a specimen was loaded in tension under displacement control at the rate of 0.005 mm/sec. After reaching the maximum tensile strain level, the specimen was unloaded, and further loaded into the maximum compressive strain level at the same rate of displacement control. From this point on, cyclic fatigue loading was applied at the frequency of 1 Hz under the constant displacement amplitude between the corresponding maximum tensile and compressive strain. Load and the average of four gauges were recorded. The cyclic loading was applied with a sinusoidal wave, and it was stopped when the load decrease ceased or the number of cycles reached 2,000 cycles. 
Experimental results

Static tensile test results
The obtained tensile stress-strain relations of Mix A are shown in Fig. 4 , and those of Mix B in Fig. 5 .
Tensile stress was observed to linearly increase with tensile strain, until first cracking took place.
Several load drops were observed, although they were recovered. These load drops were associated with multiple crack occurrences during strain hardening. Finally, one of the cracks became localized, and overall strain softening was observed. Since the final localization took place outside the gauge length in a few specimens, those stress-strain curves exhibit unloading towards the origin. This explains the variability of specimens shown in Figs. 4 and 5. Actually, multiple cracks were observed for all the specimens. 
Tension-compression fatigue test results
Based on the static tensile test, the maximum tensile strain during tension-compression fatigue test was set to be 0.2 %. This tensile strain level ensured that the specimens responded within strain hardening and did not go into strain softening. As mentioned previously, the tension-compression fatigue test was carried out under three loading cases depending on mixes and maximum compressive strain levels. In each case, two specimens were tested. This number of specimens is not enough, when the variability of fatigue life under the constant stress amplitude is considered. Therefore, in order to reduce the variability due to brittle failure, the maximum tensile strain level was set to be below the average strain capacity at the first cracking stress level measured in the static tensile test. This is because the fatigue test can be conducted in the strain hardening region that is related to progressive damage, not in the strain softening region that leads to localized failure. Also, the fatigue loading under constant strain amplitude leads to progressive damage, reducing the variability due to brittle failure. Fig. 7 shows the hysteresis curves of a Case 1 specimen under tension-compression fatigue. The curves are the stress-strain behavior at first tensile loading, 1, 10, 100, and 1,000 cycles. From 1 to 100 cycles, the shapes of curves do not change significantly, and the maximum tensile and compressive stress on the curves decrease slightly. From 100 to 1,000 cycles, the curves change significantly. At 1,000 cycles, the tensile stress is nearly zero, meaning that a crack opens up with no tensile stress transmitted across the crack. The hysteresis curves imply that the bridging stress across the crack has degraded quickly between 100 and 1,000 cycles. In order to observe the bridging stress degradation, the tensile stress corresponding to the preset maximum tensile strain was recorded with the number of cycles. In Fig. 8 , the ratio of the tensile stress at the current number of cycles, σ N , to that at 1 cycle, σ 1 , is plotted with the number of cycles for all the specimens. Fig. 8 shows that there are three stages in the bridging stress degradation curves. First, from 1 to 100 cycles, bridging stress gradually decreases roughly to 90 %. Second, from 100 to 1,000 cycles, the bridging stress sharply decreases roughly to 10 %. Some specimens suffer from severe damage, and those specimens exhibit a decrease nearly to 0 %. Finally, after the sharp decrease, the bridging stress decreases gradually again. The tests were terminated, if the final decrease is negligible and the number of cycles is above 1,000 cycles.
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The differences among the experimental cases can be seen at the onset of the second stage and during the second stage. Although there are not enough specimens to discuss the differences among the three cases, all the three cases show that the major bridging stress degradation takes place before 1,000 cycles and that the bridging stress degrades nearly to 10 %. It can be said that the bridging stress degradation under tension-compression fatigue is significantly severe, and that its degradation life on the order of 10 3 cycles is quite short compared to engineering design life on the order of 10 6 cycles.
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Failure surface observation after tension-compression fatigue tests
Failure surfaces of all the specimens were observed visually and with a digital microscope in order to understand the physical phenomena of fiber bridging stress degradation. Fig. 9 shows the typical failure surfaces of a static specimen and a tension-compression fatigue (Case 1) specimen. Both specimens are made of Mix A. When the static specimen is compared to the fatigue specimen, it is clearly seen that the failure surface is rougher and that more fibers are protruded on the surface. Also, it was observed that cement powder accumulated on the failure surface of the fatigue specimen. The reason could be as follows. The failure surface in the fatigue specimen was made smooth, after the surface was subjected to cyclic contact and wear during tension-compression fatigue.
At the same time, the fibers were damaged between the surfaces, and those fibers were worn out to short protrusion length. For further understanding of fiber damages, it is necessary to observe the fibers in situ under tension-compression fatigue, and detailed image analysis is required to examine the fiber failure mode. Fig. 10 is a microscopic image of a crack. In the figure, a fiber is buckled, and other fibers are short-protruded on the surface. It is considered that some fibers are buckled between the crack surfaces under tension-compression fatigue, and that this buckling may lead to the rupture of fibers. Yielding is also possible for the rupture of fibers. In either case, it is considered that these ruptured fibers were worn out to the short protrusion length observed on the surface. 
Curve-fitting to tension-compression fatigue test results
Fitting curves are obtained for the three cases of bridging stress degradation, and they are shown in Fig.   11 , 12, and 13, respectively. The fitting curves are given by the following equation: However, in the current study, it is bridging stress that is measured with number of cycles, instead of survival probability. Since bridging stress is influenced by several factors in addition to the number of surviving fibers, its fitting curve can not be well expressed with Weibull distribution only. The noticeable differences are the initial and final slope.
These slopes are described by a 1 , a 2 , and b 2 . a 1 and a 2 are the gradient of the initial and final slope, and they are set to be the same. Case 1 shows slightly higher decline than Case 2 and 3. Physically, there can be some possible factors that are related to these slopes. First possibility is fiber relaxation, which leads to bridging stress decline even without fiber rupture. Second possibility is matrix damage.
Aggregate bridging exerted across cracks can also be decreased under cyclic fatigue loading. Or microcracks can develop in the uncracked portion of matrix, and the stress transmitted to bridging fibers may decrease. Finally, matrix-fiber interface is also a possible source of these slopes. However, the interface damage is considered to be small and gradual. This is because, if the interface damage is significant, fibers are rather gradually pulled out, instead of ruptured.
b 2 is the intercept of the final slope, and it is set to be the same for all cases. It is considered that this parameter is related to the fibers cyclically loaded below fatigue limit. Below fatigue limit, these fibers exhibit virtually infinite life, and survive even after the second stage. Therefore, after the second stage, 26 the fitting curves approach the final slopes.
The currently obtained fitting curves well represent mechanical factors of fiber bridging degradation.
As the parameters and coefficients are obtained preliminary with two specimens for each case, they can be made more accurate with the results of more specimens. 
Discussions
The current bridging stress degradation curves of tension-compression fatigue can be compared with those of tensile fatigue in Matsumoto et al [18] . The specimens tested under tensile fatigue were fabricated with a similar mix proportion. The tensile fatigue means that the specimens were cyclically loaded between maximum strain and minimum strain, where the maximum strain levels were 0.1, 0.15, or 0.2 %, while the minimum strain level was defined as the level where the load returns to zero. Unlike the current tension-compression fatigue, cracks still remain open even at the minimum strain level (see Fig. 3 ). The loading frequency was 4 Hz, and the loading pattern was sinusoidal. presented in the current study. In the same manner, the curves can be divided into three stages.
Although the curves are similar qualitatively, they are quantitatively different. First, the initial gradual decrease continues to the level of 70~80 %, and this stage lasts for about a few thousands of cycles. The gradient of initial slope is rather steep compared to that of the current study. Second, the sharp decline takes place from the level of 70~80 % to 20~30 %. In the cited study, the amount of decrease is smaller, and the gradient of decrease is milder. The major difference is seen in the number of cycles. While the current study shows the order of 10 2 cycles, this cited study reports the order of 10 case, the level of bridging stress becomes nearly constant. This final level is higher than that of the current study. Fig. 14, 15 , and 16 also show the fitting curves obtained in the same way as explained in section 3.3,
and Table 5 presents the parameters. The shape parameter, m, is smaller, meaning that the second decline stage has more range. The scale parameter, log N o , is larger, showing that the number of cycles for the second decline stage is larger. The gradient of the initial slope, a 1 , is slightly steeper, although the loading condition is less severe in the cited study. This is probably because of the lack of measurement points from 1 to 1,000 cycles or the difference in matrix compositions. On the other hand, the gradient of the final slope, a 2 , is set to be zero, based on the behaviors of the degradation curves.
Finally, the intercept, b 2 , is larger than that of the current study. This implies that, in the tensile fatigue condition, there are more fibers loaded below fatigue limit.
Physically, these differences arise from the loading conditions of bridging fibers. In the tensile fatigue, specimens achieve zero load level, but cracks remain open at zero load level. On the other hand, in the current tension-compression fatigue, specimens achieve zero strain level, and cracks are enforced to close. This is done by compressive loading. Furthermore, in Case 1 and 3, specimens are further loaded to compressive strain range, and fibers are loaded more severely. Namely, they are buckled and compressed between crack surfaces. This probably leads to a larger shape parameter, which means that fiber failure is less probabilistic and independent of the strength variability.
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For further understanding of the phenomena, it is necessary to develop a micromechanical model which is based on microstructural parameters such as fiber length, fiber diameter, fiber modulus, fiber strength, etc. A model of this kind will clarify the influences of different loading conditions on bridging fibers and, in turn, on bridging stress degradation curves. 
Conclusions
This paper presented an experimental study of uniaxial tension-compression fatigue behavior and fiber bridging degradation of strain hardening fiber reinforced cementitious composites (SHFRCC).
SHFRCC specimens were cyclically loaded under constant strain amplitude, where the tensile strain during cyclic loading was 0.2 %, and the compressive strain was either 0 or 0.05 %. The hysteresis curves on the stress-strain plot were recorded, and the tensile stress corresponding to the tensile strain of 0.2 % was recorded with the number of cycles in order to observe the cycle-dependent degradation of fiber bridging stress.
It is found that bridging stress degradation happens in three stages. First, from 1 to 100 cycles, bridging stress decreases roughly to 90 %. Second, from 100 to 1,000 cycles, the bridging stress sharply decreases to about 10 %. Finally, after the sharp decrease, the bridging stress returns to gradual decrease.
Although there are not enough specimens to discuss the differences among the three experimental cases, it is shown that the major bridging stress degradation takes place before 1,000 cycles, and that the bridging stress degrades to nearly 10 %. Visual observation identified that bridging fibers were severely damaged, and, after fatigue, no fibers were found to be protruded on the crack surface. This severe damage explains the significantly early and fast degradation of bridging stress. The current study is compared with a previous study which carried out uniaxial tensile fatigue of SHFRCC. Bridging stress degradation curves and their fitting curves are compared. It is found that the curves look similar, but that the degradation is significantly later and slower than that of the current study.
This is probably because less number of fibers are buckled and none of them are pressed where the cracks still remain open even at the minimum strain level. Therefore, the fibers are less damaged.
For further understanding of the phenomena, it is necessary to conduct a series of experiments with sufficient number of specimens under various loading conditions and to perform the same analyses.
Also, it is necessary to develop a micromechanical model which is based on microstructural parameters.
A model of this kind will clarify the influence of different loading conditions on bridging fibers and, in turn, on bridging stress degradation curves. 
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